We explored the mechanism of the stabilization of Moloney murine leukaemia virus reverse transcriptase (MMLV RT) by eliminating RNase H activity. Without the template-primer (T/P) poly(rA)-p(dT) 15 , the temperature reducing initial reverse-transcription activity by 50% over a 10-min incubation of the RNase H activity-deficient variant D524A was higher by 3.7 C than that of the wild-type enzyme (WT). In the reverse transcription reaction, the K m values for T/P of WT and D524A were almost the same. These results suggest that elimination of RNase H activity enhanced the intrinsic thermal stability of MMLV RT rather than its affinity toward T/P. 1,2) RTs from Moloney murine leukaemia virus (MMLV) and avian myeloblastosis virus (AMV) are the most extensively used in cDNA synthesis 3) and the RNA amplification reaction 4) due to their high catalytic activity and fidelity. MMLV RT is a 75-kDa monomer, while AMV RT is a heterodimer consisting of a 63-kDa subunit and a 95-kDa subunit. MMLV RT and the and subunits of AMV RT comprise the fingers, palm, thumb, connection, and RNase H domains. 5, 6) The active site of DNA polymerase reaction resides in the fingers/palm/thumb domain, while that of RNase H reaction lies in the RNase H domain.
Reverse transcriptase (RT) [EC 2.7.7 .49] is the enzyme responsible for viral genome replication, possessing RNA-and DNA-dependent DNA polymerase and RNase H activities. 1, 2) RTs from Moloney murine leukaemia virus (MMLV) and avian myeloblastosis virus (AMV) are the most extensively used in cDNA synthesis 3) and the RNA amplification reaction 4) due to their high catalytic activity and fidelity. MMLV RT is a 75-kDa monomer, while AMV RT is a heterodimer consisting of a 63-kDa subunit and a 95-kDa subunit. MMLV RT and the and subunits of AMV RT comprise the fingers, palm, thumb, connection, and RNase H domains. 5, 6) The active site of DNA polymerase reaction resides in the fingers/palm/thumb domain, while that of RNase H reaction lies in the RNase H domain.
In cDNA synthesis and the RNA amplification reaction, highly stable RT is desired because an elevated reaction temperature reduces the RNA secondary structure and non-specific binding of primer. Berger et al. have found that the RNase H activity of RT reduced the efficiency of reverse transcription. 7) Gerard et al. have found that elimination of the RNase H activity of RT markedly enhanced the thermal stability of reverse transcription activity. 8) We have found that the reduction of reverse transcription activity of RT enhanced the thermal stability of RNase H activity. 6) Because RNase H activity is not required for in vitro cDNA synthesis, genetically engineered MMLV RT lacking RNase H activity is now widely used as a tool to synthesize cDNA.
The binding ability of RT to T/P is thought to be related to its stability. Gerard et al. 8) and we 9) have found that T/P-mediated stabilization of AMV RT was more potent than that of MMLV RT, suggesting that AMV RT has higher affinity toward the T/P than MMLV RT. Recently, Arezi et al. discovered five novel mutations (Glu69 ! Lys, Glu302 ! Arg, Trp313 ! Phe, Leu435 ! Gly, and Asn454 ! Lys) that stabilized MMLV RT in the presence of the T/P, but not in its absence. 10) In the reverse transcription reaction, the K m value for the T/P of the variant with these five mutations was 10% of that of MMLV RT without them. These findings suggest that the five mutations enhanced the binding ability of MMLV RT to T/P rather than intrinsic thermal stability. 10) In this study, we explored the mechanism of the stabilization of MMLV RT by means of the mutation that eliminates RNase H activity.
Wild-type MMLV RT (WT) and its variant D524A (the catalytically important residue of RNase H activity, Asp524, is replaced with Ala) were expressed in E. coli and purified as described previously. 6, 9) On SDS-PAGE under a reducing condition, WT and D524A yielded a single band with a molecular mass of 75 kDa (data not shown). Their reverse transcription activities were measured at various temperatures ranging from 37 to 58 C ( Fig. 1 ). The initial reaction rate was estimated by the time-course of the amounts of [
3 H]dTTP incorporated into poly(rA)Áp(dT) 15 , as described previously. 6, 9) As shown in Fig. 1 , the plot showed a curve with an optimal temperature of 46 C for each enzyme. The relative activities at 48-56 C of D524A were significantly higher than those of WT, indicating that D524A was more stable thermally than WT.
The irreversible thermal inactivation of WT and D524A was examined (Fig. 2) . RT (100 nM) in 10 mM potassium phosphate (pH 7.6), 2 mM DTT, 0.2% v/v Triton X-100, 10% v/v glycerol was incubated in the absence and the presence of 28 mM poly(rA)Áp(dT) 15 at different temperatures for specified times, followed by incubation on ice for 30-60 min. The remaining activity of the RT toward reverse transcription was determined at 37 C, as described above. Linear relationships between the natural logarithm of the remaining activity against the incubation time were obtained at 46 C ( Fig. 2A) and all other temperatures examined (42, 44, 48, and 50 C) (data not shown), indicating that D524A exhibited higher stability than WT both in the absence y To whom correspondence should be addressed. Tel: +81-75-753-6267; E-mail: yasukawa@kais.kyoto-u.ac.jp Abbreviations: AMV, avian myeloblastosis virus; MMLV, Moloney murine leukaemia virus; RT, reverse transcriptase; T/P, template-primer Biosci. Biotechnol. Biochem., 74 (2), [440] [441] [442] 2010 Note and the presence of the T/P, and that the thermal inactivation can be regarded as a first-order reaction. Figure 2B shows an Arrhenius plot of the first-order rate constant, k obs , of the thermal inactivation of WT and D524A. A linear relationship held between the natural logarithm of k obs and 1=T. The temperatures required to reduce initial activity by 50% over a 10-min incubation (T 50 ) of WT and D524A in the absence of the T/P were estimated from the Arrhenius plot to be 43:6 AE 0:6 and 47:3 AE 0:2 C respectively, and those in its presence were estimated to be 46:2 AE 0:7 and 49:7 AE 0:0 C respectively. The result that in the absence of the T/P, the T 50 of D524A was higher than that of WT suggests that the intrinsic thermal stability of D524A was higher than that of WT. In addition, the result that in the presence of the T/P, the T 50 of WT and D524A increased by 2:6 AE 1:3 and 2:4 AE 0:2 C, respectively as compared to those in its absence, suggests that the degree of the stabilizing effects of the T/P to WT and D524A were almost the same.
The affinities of WT and D524A for the T/P were examined by kinetic analysis of the reverse transcription reaction with the T/P and dTTP as substrates. The initial reaction rates at various T/P concentrations (0-25 mM) with 5 nM RT at 37 C are shown in Fig. 3 . A saturated profile of the Michaelis-Menten kinetics was obtained, and the K m and k cat values were separately determined to be 4:5 AE 1:1 mM and 6:6 AE 0:5 s À1 respectively for WT and 6:0 AE 1:1 mM and 7:4 AE 0:5 s À1 respectively for D524A. The K m and k cat values for WT and D524A were almost the same, suggesting that there is no difference in binding ability to the T/P between WT and D524A.
From these results, it can be concluded that the mutation Asp524 ! Ala enhanced the intrinsic thermal stability of MMLV RT rather than the affinity toward T/P, differently from the case of the five mutations discovered by Arezi et al. 10) Why does the intrinsic thermal stability of MMLV RT increase due to a loss of RNase H activity? Goedken et al. expressed the RNase H domain of MMLV RT (Pro515-Leu671) in E. coli and examined its reversible unfolding by circular dichroism, having found that the midpoint temperatures of the variants D524N and D583N (the catalytically important residues of RNase H activity, Asp524 and Asp583, are replaced with Asn) were higher by 10 C than those of WT and other variants in the presence of Mg 2þ . 11, 12) They pointed out that mutations Asp524 ! Asn and Asp583 ! Asn abolished the binding ability of the RNase H domain to Mg 2þ needed for catalysis, and altered the structure of the domain. 11, 12) Pandey et al. reported that insertion of the 27 amino-acid peptide corresponding to Pro480-Arg506 in the RNase H domain of MMLV RT into the connection domain of p66 of HIV-1 RT resulted in a monomeric p66 that lacked reverse transcription activity but possessed RNase H activity. 13, 14) They proposed a model according to which in this monomeric p66, the inserted Pro480-Arg506 interacts with the palm domain of the same molecule, as the Asp113-Pro140 of p51 interacts with WT and D524A, each at 100 nM, were incubated at 42-50 C in the absence and the presence of poly(rA)Áp(dT) 15 (T/P) (28 mM) for the indicated durations. The relative activity of RT in the reverse transcription reaction was defined as the ratio of the initial reaction rate with incubation for the indicated durations to that without incubation (16 nM s À1 for WT and 22 nM s Reaction temperature (°C) Relative activity (%) Fig. 1 the palm domain of p66 in the heterodimeric HIV-1 RT. 13, 14) We have reported that the chimeric RT comprising the fingers, palm, thumb, and connection domains of MMLV RT and the RNase H domain of AMV RT almost entirely lacked reverse transcription activity but substantially retained RNase H activity, suggesting that there is an interaction between the fingers/palm/thumb domain and the RNase H domain that affects reverse transcription activity rather than RNase H activity. 6) Based on these findings, we speculate that the mutation of Asp524 alters the structure of the RNase H domain and the interaction between the fingers/palm/thumb domain and the RNase H domain, resulting in an increase in stability. Further analysis is required to elucidate the mechanism of this stabilization, and it should provide a strategy to generate RT with improved stability even in the absence of T/P. Such a variant RT might be useful in high-temperature cDNA synthesis and RNA amplification, especially when the amount of target RNA in a sample is small. 
